In this study, a function for the correction of coma aberration, 3-fold astigmatism and real-time correction of 2-fold astigmatism was newly incorporated into a recently developed real-time wave field reconstruction TEM system. The aberration correction function was developed by modifying the image-processing software previously designed for auto focus tracking, as described in the first article of this series. Using the newly developed system, the coma aberration and 3-fold astigmatism were corrected using the aberration coefficients obtained experimentally before the processing was carried out. In this study, these aberration coefficients were estimated from an apparent 2-fold astigmatism induced under tilted-illumination conditions. In contrast, 2-fold astigmatism could be measured and corrected in real time from the reconstructed wave field. Here, the measurement precision for 2-fold astigmatism was found to be ±0.4 nm and ±2°. All of these aberration corrections, as well as auto focus tracking, were performed at a video frame rate of 1/30 s. Thus, the proposed novel system is promising for quantitative and reliable in situ observations, particularly in environmental TEM applications.
Introduction
In transmission electron microscopy (TEM), correction of spherical aberrations has been one of the most important technical challenges to improve the spatial resolution [1, 2] . Various studies have been conducted to achieve this, including the development of electron optical correctors [3, 4] , electron holography [5, 6] and focal series reconstruction techniques [7, 8] . In particular, the electron optical system for spherical aberration correction has dramatically improved the spatial resolution of TEM and enabled atomic-scale characterization of crystalline interfaces and surfaces in real time [9, 10] . In recent studies, the information limit of TEM has been further improved by chromatic aberration correction [11, 12] , enabling more reliable TEM observation of atomic structures with lower accelerating voltages and less damage from electron irradiation [13] .
Other residual aberrations such as coma aberration, 3-fold astigmatism and 2-fold astigmatism, as well as the defocus, also restrict the spatial resolution of TEM and make it difficult to obtain an accurate image contrast corresponding to the atomic structures even when the spherical and chromatic aberrations are corrected perfectly. For instance, it has been reported that the contrasts of TEM images of graphene and carbon nanotubes are often distorted due to the residual coma aberration and 3-fold astigmatism, even in Cs-corrected TEM [14, 15] . Furthermore, since defocus and 2-fold astigmatism are often induced by sample drift along the Z-axis (called Z-drift) [16] and temporal changes in the optical parameters, such as the incident-beam tilt, they should be measured and corrected in real time. Thus, in addition to spherical and chromatic aberration corrections, correction of these residual aberrations of the objective lens is also becoming important for quantitative high-resolution TEM.
In a previous article of this series [16] , a real-time wave field reconstruction TEM system that enables automatic measurement and correction of the defocus in real time was proposed and characterized; here, this technique is referred to as the auto focus tracking function. This system uses a focal series reconstruction technique, called real-time defocused image modulation processing (DIMP) method [17, 18] , which is combined with a high-speed image-processing technique using a graphical processing unit (GPU). In the real-time wave field reconstruction TEM system, a complex wave field is reconstructed with correction of the spherical aberration at a video frame rate of 1/30 s using the real-time DIMP method. Then, the wave field at the in-focus position is reconstructed from the experimentally obtained wave field by measuring and correcting for the defocus value at the video rate on an image-processing computer. Using this system, quantitative and dynamic observations of atomic structures can be performed without the negative impacts of Z-drift. However, since the final wave field retains the distortions from other residual aberrations, such as coma aberration, 3-fold astigmatism and 2-fold astigmatism, it is necessary to correct these aberrations simultaneously to enable more precise in situ observations. This article reports a function for the correction of coma aberration and 3-fold astigmatism, and real-time correction of 2-fold astigmatism, which has been newly incorporated into the real-time wave field reconstruction TEM system. A correction function to compensate for these residual aberrations is developed by improving the imageprocessing software developed for auto focus tracking. The new system is promising for high-resolution observations in a more quantitative and reliable manner. This can be readily applied to in situ environmental TEM, where it is difficult to avoid the drift of the sample and the temporal changes in the electron optical conditions.
Theory
Correction of symmetric and anti-symmetric aberrations for precise wave field reconstruction In this section, we describe the correction of the residual wave aberrations for precise reconstruction of the complex wave field. The complex transmission function of a sample and its two-dimensional Fourier transform can be described as follows [16, 19] :
where r and q are the two-dimensional vectors representing the position and the spatial frequency, δ( ) q denotes the delta function, and ( ) q H r and ( ) q H i are the Fourier transforms of the real-number function ( ) r h r and ( ) r h , i respectively. If a weak-phase object approximation is assumed for the sample, the components of the transmission functions satisfy the following relations:
where ( ) r h r and ( ) r h i correspond to the modulus parts of the amplitude and the phase component, respectively.
Here, we consider the influence of residual wave aberration on the reconstructed wave field by separating into a symmetric aberration function (γ ( ) q sym ) and an antisymmetric aberration function (γ ( ) − q anti sym ). Coma aberration and 3-fold astigmatism are classified as anti-symmetric aberrations, while 2-fold astigmatism and defocus are classified as symmetric aberrations as follows [20, 21] : where λ is the wavelength of the electron beam, and θ is the azimuth of spatial frequency q. C coma and θ coma are the magnitude and azimuth of coma aberration, respectively. C A2 and θ A2 are the magnitude and azimuth of 3-fold astigmatism, respectively. ∆f is the defocus value, and C a and θ a are the magnitude and the azimuth of axial 2-fold astigmatism, respectively.
Generally, the Fourier components of the real and imaginary parts of the reconstructed wave field, ( ) ( )I andI r i , are expressed in matrix notation as follows [16, 19] : in the Fourier space. Since the anti-symmetric aberration affects the real and imaginary components of the complex transmission function in the same way, it is usually difficult to determine the coefficients defining the anti-symmetric aberration directly from the reconstructed wave field. Therefore, the coefficients defining anti-symmetric aberration must be identified before the real-time observation is carried out. On the contrary, both the measurement and the correction of symmetric aberration can be performed directly from the experimentally reconstructed wave field because the symmetric aberration function influences the power spectra of the reconstructed wave field according to Eq. (7) .
Determination of the aberration coefficients defining coma aberration and 3-fold astigmatism
Although several methods have been proposed for determining the coefficients defining anti-symmetric aberration [15, 22] , in this study, a method based on the apparent 2-fold astigmatism induced by high-order aberrations such as coma aberration and 3-fold astigmatism under tilted illumination is utilized [23] . The aberration function of the apparent 2fold astigmatism, γ′ ( ) q a , is given as follows [20] :
where ′ C a and θ′ a are the absolute value and the azimuth of the apparent 2-fold astigmatism, respectively. In Eq. (9), the aberration function of the apparent 2-fold astigmatism is denoted in the complex form:
represents its real component with respect to the complex number, z, andq is the spatial frequency represented in the complex form (̃= | | θ ei ). ′ A 1 is the aberration coefficient defining the apparent 2-fold astigmatism in the complex form
2 a ). The aberration coefficient defining the apparent 2-fold astigmatism is related to the coefficients defining the axial 2-fold astigmatism (A 1 ), coma aberration (B 2 ), 3-fold astigmatism ( ) A 2 and spherical aberration (C s ) by the following equation:
wherek 0 represents the tilt angle of the incident beam in the complex form. These complex aberration coefficients represent the following:
coma . According to Eq. (10), if the values of C s andk 0 are known, A 1 , A 2 and B 2 can be calculated from the values of ′ A 1 measured under three or more tiltedillumination conditions. The method for measuring the apparent 2-fold astigmatism is described in the next section.
Determination of the aberration coefficients defining 2-fold astigmatism
In this section, a method of measuring 2-fold astigmatism from the reconstructed wave field is described by extending the previously reported measurement method for auto focus tracking [16] . According to Eq. (7), the Fourier components of the reconstructed wave field (
) depend on symmetric aberrations as follows: The wave field including the distortion by an additional aberration function, denoted as
can be calculated as follows using Eq. (11): ). If the sample is assumed to be a weak-phase object and the spherical aberration has been corrected, the defocus value and the coefficients defining 2-fold astigmatism ( θ ∆f, C , and C , a a , which minimizes the contrast in the real component of the wave field. Real-time measurement and correction of 2-fold astigmatism and defocus can be achieved by finding the aberration coefficients using the above method within the period of a single video frame (1/30s) for each reconstructed wave field. The coefficient defining the apparent 2-fold astigmatism can also be determined using the same criteria because the aberration function representing the apparent 2-fold astigmatism (Eq. (8)) is represented with the same formulation as the axial 2-fold astigmatism (Eq. (6)). In this study, the contrast in the real part of the wave field is evaluated by the total number of each pixel values in the power spectra.
Experimental results and discussion
Experimental setup Figure 1 shows a schematic of the developed real-time wave field reconstruction TEM system wherein a 200 kV fieldemission electron microscope (Hitachi HF-2000) is used as a base model. The spherical and chromatic aberration coefficients of the objective lens are 0.8 and 1.2 mm, respectively. The system mainly comprises a floating-type high-voltage power supply [17] and an image-processing computer equipped with a GPU (NVIDIA GTX 970). The image size of the reconstructed wave field is 256 × 256 pixels. The details of the system are further described in the first paper of this series [16] . The aberration correction function for coma aberration, 3-fold astigmatism and 2-fold astigmatism was incorporated by modifying the imageprocessing software designed for auto focus tracking. Further, the real-time measurement and correction of 2-fold astigmatism, as well as defocus, were achieved by improving the calculation speed through compiler optimization. Therefore, all of the aberration corrections, as well as auto focus tracking and real-time measurement for 2-fold astigmatism, were performed in~22 ms using the GPU.
Correction of coma aberration and 3-fold astigmatism
In this study, the coefficients defining the coma aberration and 3-fold astigmatism were measured from the wave field reconstructed by the three-dimensional Fourier filtering method (3DFFM), which we previously developed [8] . In 3DFFM, the complex wave field is reconstructed by processing a focal series in the three-dimensional Fourier domain. This approach offers several advantages: wave fields with high signal-to-noise ratios can be reconstructed by 3DFFM and the tilt angle of the incident beam can be measured directly from the 3D Fourier spectrum [19, 8] . Refer to these references for additional details because they are outside of the scope of the present study. In this study, focal series consisting of 128 images were captured with 6 nm focus step for each beam-tilt condition within a total exposure time of~2.1s. The processing time required for the wave field reconstruction of a focal series was a few seconds.
As a first step to confirm the method of measurement and correction for 2-fold astigmatism, the complex wave field of an amorphous carbon thin film was reconstructed by 3DFFM. Figure 2a shows the power spectrum of the real part of the wave field reconstructed under axial illumination. In this wave field, the spherical aberration is corrected but the defocus is intentionally not corrected in order to clearly portray the effect of the 2-fold astigmatism correction. Here, the ring patterns are distorted in an ellipsoid shape due to the presence of axial 2-fold astigmatism. Since the complex wave field has already been reconstructed in Fig. 2a , the influence of axial 2-fold astigmatism can be easily corrected based on Eqs. (11) and (12) by using the complex wave field and the determined aberration coefficients. Figure 2b shows the corresponding power spectrum that was numerically calculated by correcting the axial 2-fold astigmatism measured from Fig. 2a . The ring patterns in the power spectrum have a round shape after the processing step, confirming that the axial 2-fold astigmatism was successfully corrected. Figure 2c and d shows the power spectra of the real part of the wave field reconstructed under a tilted illumination condition before and after correction, respectively. From the 3D Fourier spectrum, the tilt angle of the incident beam was determined to be 6.9 mrad in the direction indicated by the arrows. Herein, the center of the optical axis is defined as the accelerating voltage center. Although the axial 2-fold astigmatism was corrected before tilting the incident beam, as shown in Fig. 2b , the ring patterns are again distorted in Fig. 2c because of the apparent 2-fold astigmatism induced by higher-order aberrations when the incident beam was tilted. Figure 2d shows the corresponding power spectrum for the real part of the wave field after the numerical correction of the apparent 2-fold astigmatism. Since the ring patterns of the power spectrum are round, it is also confirmed that the apparent 2-fold astigmatism can be corrected successfully under tilted-illumination conditions. Note that in Fig. 2c and d , the ring patterns partially disappear in the direction of the beam tilt because the contrast in the corresponding Fourier region is not caused by three-wave interference but rather by two-wave interference [19] .
To determine the anti-symmetric aberration coefficients, the coefficients of the apparent 2-fold astigmatism were measured from the wave field reconstructed by 3DFFM under axial illumination and eight tilted illuminations. Then, the aberration coefficients of axial 2-fold astigmatism, coma aberration and 3-fold astigmatism were estimated by solving Eq. (10) using the least-squares method. Figure 3a shows a diffractogram tableau of the real part of the reconstructed wave field after the numerical correction of spherical aberration, axial 2-fold astigmatism and apparent 2-fold astigmatism induced by spherical aberration. Although the influence of spherical aberration and axial 2-fold astigmatism was corrected in each of the power spectra, the ring patterns remained slightly distorted due to the apparent 2-fold astigmatism induced by coma aberration and 3-fold astigmatism. Figure 3b shows the diffractogram tableau after correction of the residual apparent 2-fold astigmatism in Fig. 3a using the determined aberration coefficients of coma aberration and 3-fold astigmatism. Compared to Fig. 3a , each power spectrum has a round ring pattern, which indicates that the measurement of coma aberration and 3-fold astigmatism were successfully performed. The measurement precision for coma aberration and 3-fold astigmatism was estimated from the residual of the least-squares method to be 1834 ± 230 nm and 308 ± 77 nm, respectively; this measurement precision appears to be sufficient considering the current spatial resolution of the system. Figure 4 shows the results of the correction of coma aberration and 3-fold astigmatism using the pre-determined aberration coefficients. The sample was a gold fine particle having the typical structure of the material, i.e. a decahedral multi-twinned particle on an amorphous carbon thin film. In Fig. 4 , the defocus and 2-fold astigmatism of the reconstructed wave field were corrected by the auto focus tracking and real-time correction function of 2-fold astigmatism, which is described in section Real-time measurement and correction of 2-fold astigmatism. The defocus value and aberration coefficients defining 2-fold astigmatism were estimated as follows: ∆ = − f 6. 9nm, = C 0.9nm a and θ =°131 a . Figure 4a and b shows one of the reconstructed wave fields in real-time observation before the correction of coma aberration and 3-fold astigmatism. The contrast corresponding to the atomic structure appears in the imaginary part of the reconstructed wave field. In the region indicated by the arrow, lattice images of gold atom columns are distorted into a triangular shape because of the residual coma aberration and 3-fold astigmatism, making it difficult to determine the positions of the atomic columns. Figure 4c and d shows the corresponding wave fields after the correction of coma aberration and 3-fold astigmatism. After correction of these aberrations, each atomic column was observed to have a round shape and the precise measurement of the position of each column was possible in real time. A full movie of the real-time observation is available as Supplementary Movies 1 and 2 (Appendix) . In Fig. 4c and d , the corrected aberration coefficients defining coma aberration and 3-fold astigmatism were estimated as follows:
Real-time measurement and correction of 2-fold astigmatism
In this section, we describe the newly incorporated function for real-time measurement and correction of 2-fold astigmatism. Figure 5a -l shows the reconstructed wave field and its power spectra before the correction of 2-fold astigmatism. The sample was an amorphous carbon thin film on which a small amount of tungsten was deposited. In this observation, an axial 2-fold astigmatism was manually induced using a stigmator to test the real-time measurement and correction of 2-fold astigmatism. In the power spectra of the reconstructed wave field, the ring pattern is distorted by the induced 2-fold astigmatism and the image contrast is not correct. Figure 5a′ -l′ shows the corresponding wave field and its power spectra after correction of 2-fold astigmatism. Each coefficient describing 2-fold astigmatism was determined using the contrast-minimum criteria, as described in section Determination of the aberration coefficients defining 2-fold astigmatism. The power spectra show the flat disk patterns, and the imaginary part of the wave field shows the atomic structure of the amorphous carbon thin film. These observations indicate that real-time measurement and correction of 2fold astigmatism was successfully performed simultaneously with auto focus tracking. The defocus value and coefficients defining the 2-fold astigmatism were estimated as follows: Next, we discuss the precision of the real-time measurement of 2-fold astigmatism. Figure 6 shows the temporal change in the magnitude and azimuth of 2-fold astigmatism measured by the proposed system. The measurement precision for 2-fold astigmatism was evaluated as the standard deviation (σ) of the measured data points from a straight line fitted to the data by the least-squares method. The precisions for the magnitude and azimuth of 2-fold astigmatism (±1σ) were found to be ±0.4 nm and ±2°, respectively, in the present system, as indicated by the error bars in Fig. 6a and b , respectively. The measurement precision for the magnitude was approximately the same as the precision obtained in the auto focus tracking, which was previously discussed using the same procedure. The measurement error for 2-fold astigmatism (±0.4 nm) causes a phase shift of only ±4/100π for a spatial frequency of 6 nm −1 ; thus, measurement precision in the system was concluded to be sufficient to reproduce the atomic potential. However, the measurement precision for the azimuth of 2-fold astigmatism strongly depends on the magnitude of the astigmatism. Using the developed system, correction of 2-fold astigmatism can be carried out at the video frame rate with a higher accuracy than possible with manual correction using a stigmator.
Although the line of best fit for the coefficients determined for 2-fold astigmatism is slightly inclined, as shown in Figure 6 , these temporal changes in the measurement of 2-fold astigmatism may be attributed to the apparent 2-fold astigmatism induced by the variation in the tilt angle of the incident beam. In the results shown in Fig. 6a , the magnitude of 2-fold astigmatism changes by 0.14 nm over 10s (10) . Assuming that the change of the 2-fold astigmatism is caused only by the change of the beam tilt, this would correspond to a 0.4 mrad change in the tilt of the incident beam during the same period, according to Eq. (10).
Concluding remarks
We developed a real-time wave field reconstruction system that incorporates a correction function for coma aberration and 3-fold astigmatism, and a real-time correction function for 2-fold astigmatism applied simultaneously with auto focus tracking. Using the developed system, the real-time high-resolution observation was performed at the video frame rate (30 fps) without any influence of defocus, 2-fold astigmatism, coma aberration, 3-fold astigmatism and spherical aberration. In parallel with the auto focus tracking, the real-time measurement and correction of 2-fold astigmatism could be achieved with a precision of ±0.4 nm for the magnitude and ±2°for the azimuth when Ca is~10 nm. The measurement precision and correction speed associated with 2-fold astigmatism were so high that the astigmatism induced by a fluctuation in the tilt angle of the incident beam could be estimated. The correction function for these aberrations can be extended for higher-order residual aberrations in the future, though such aberrations are not a problem at the current spatial resolution. The developed system is promising for quantitative and reliable in situ environmental TEM observations where changes in the parameters such as defocus and incident-beam tilt are unavoidable during the observation period.
